Introduction
Mitochondria1 /?-oxidation of fatty acids to acetylCoA and its subsequent oxidation to CO, and water is a major source of energy for animals [ 1-61. It is particularly important in resting muscle and during sustained muscular exercise [7] . The rate of oxidation depends on the requirement for ATP for contraction (and other purposes). In liver, the situation is more complex; active /?-oxidation of fatty acids yields acetyl-CoA which is mainly converted to ketone bodies (acetoacetate and 3-hydroxybutyrate) for export as fuels for most extrahepatic tissues. The rate of &oxidation is therefore also partly determined by the extent of conversion of acetylCoA to ketone bodies [8, 9] . Limited /?-oxidation of long-chain and very long-chain fatty acids to medium-chain acyl-CoA esters and acetyl-CoA also occurs in peroxisomes in liver and in the peroxisomes or microperoxisomes in other tissues [ 101.
The liver constitutes -5% of body weight and may use 20% of the whole body 0, uptake. ATP derived from /?-oxidation is needed for many important processes, including gluconeogenesis, ureogenesis, de nova lipid synthesis and triacylglycerol synthesis.
In this paper, we discuss some selected aspects of the control of mitochondrial /?-oxidation.
Cellular regulation of fatty acid oxidation
The rate of entry of fatty acids into cells depends on their plasma concentrations. Long-chain fatty acids enter cells by a saturable carrier mechanism at low concentrations and by direct diffusion across the plasma membrane at higher concentrations [2, 5, 6] .
The cytosol contains small soluble proteins which bind and transport long-chain fatty acids and other hydrophobic compounds. Cells also contain an acyl-CoA binding protein (ACBP) which binds long-chain acyl-CoA esters with high affinity Abbreviations used: ACHP, acyl-CoA binding protein; CAMP, cyclic AMP; CPT, carnitine palmitoyltransferase; AP, proton motive force. $To whom correspondence should be addressed.
The first step in the metabolism of fatty acids is formation of their acyl-CoA esters. Long-chain acyl-CoA esters are formed by long-chain acyl-CoA synthase in the endoplasmic reticulum, mitochondrial outer membrane and peroxisomes:
This is readily reversible but the back reaction is limited by binding to ACBP and by pyrophosphatase. Most dietary fatty acids, saturated and unsaturated, are long-chain (C,,, C,, and C,,), and after formation of their CoA-esters their acyl-groups are transferred to mitochondrial CoA by the concerted action of carnitine palmitoyltransferase (CPT) I on the inner face of the outer mitochondrial membrane, the acyl-carnitine/carnitine exchange carrier in the inner membrane and CPT 11 on the inner face of the inner membrane. Medium-and shortchain fatty acids diffuse directly into the matrix where their CoA-esters are formed by mediumchain acyl-CoA synthase. Octanoyl-CoA can also be made extramitochondrially and the octanoyl group transferred to mitochondrial CoA by the carnitine palmitoyltransferases.
Control of CPT I activity
Much attention has been focused on the regulation of /3-oxidation by the activity of CPT I in liver. A large and often confusing literature surrounds CPT I but a few points may be made. Different isoforms of CPT I exist in the liver, skeletal muscle and heart and these are all inhibited reversibly in vitro by CPT I activity can be measured in intact isolated liver mitochondria, however hormonal effects induced in v i m may not necessarily be preserved during isolation [ 171. Several groups have investigated the effects of glucagon on CPT I in freshly isolated hepatocytes, after permeabilization of their plasma membranes with digitonin to allow access to the mitochondria. Boon and Zammit [ 161 found that glucagon had no effect on CPT I activity nor on its sensitivity to inhibition by malonyl-CoA. By contrast, Stephens and Harris [18] found an increase in CPT I activity but not in its sensitivity to inhibition. In addition, it has been reported that treatment of suspensions of isolated rat hepatocytes with glucagon increased the activity of CPT I and induced phosphorylation of a mitochondrial protein described as a carnitine palmitoyltransferase [ 191.
The effects of compounds that increase [CAMP] were also investigated; okadaic acid, an inhibitor of protein phosphatases 1 and ZA, increased CPT I activity and decreased its sensitivity to inhibition by malonyl-CoA [ZO] . One suggested mechanism for this is that glucagon increases the activity of CPT I by causing its phosphorylation. Whether or not acyl-CoA esters alter the sensitivity of CPT I to malonyl-CoA is an unresolved issue. Preincubation of liver mitochondria with palmitoyl-CoA decreases the sensitivity of CPT I to inhibition [Zl] . W e have recently assayed CPT I in rat hepatocyte monolayers after permeabilization of the cells [ZZ] . Our preliminary data suggest that after culture of hepatocytes for 16 h in the absence of fatty acid and subsequent incubation with 1 mM-palmitate for 1 h, the sensitivity to inhibition by malonyl-CoA decreases in the micromolar range. Therefore, either CPT I is also directly regulated by metabolites other than malonyl-CoA, or these metabolites alter [malonyl-CoA].
Control of mitochondrial B-oxidation
The activities of the enzymes of the P-oxidation sequence are determined by many factors. AcylCoA dehydrogenase is inhibited by electron transfering flavoprotein-semiquinone and by several intermediates of P-oxidation. Enoyl-CoA hydratase is inhibited by acetoacetyl-CoA, 3-hydroxyacylCoA dehydrogenase activity depends on the [23] . The rate of P-oxidation by isolated liver and heart mitochondria is very sensitive to osmotic pressure, whereas the rates of oxidation of other substrates are relatively insensitive [24, 25] . Isolated and cultured hepatocytes are usually incubated at -300 mOsM, yet at this osmolarity isolated mitochondria only oxidize palmitoyl-carnitine at a rate about half that observed at 200 mOsM. At high osmolarities, P-oxidation is limited at the stage of the electron-transferring flavoprotein dehydrogenase, the activity of which depends on the matrix 
Stoichiometry of mitochondrial ATP synthesis during fatty acid oxidation
Electron transport from NADH and reduced flavoproteins to oxygen by the respiratory chain pumps protons out of the matrix to generate a membrane potential and pH gradient across the inner membrane, the proton motive force (AP), which drives ATP synthesis by complex V in the inner membrane [27] . The number of protons extruded and used for ATP synthesis is uncertain so the maximum yield of ATP for the complete oxidation of any substrate molecule cannot be calculated. This yield also depends on whether ATP is used in the cytosol or the mitochondrial matrix and on the extent of the leak of protons back into the matrix, which is significant when the demand for ATP is small and AP is high [27, 28] . For these reasons, the statement in many textbooks that the complete oxidation of one molecule of palmitate is associated with the synthesis of 129 molecules of ATP is not valid. Further, the common view that the 'efficiency' of the free energy of oxidation of a substrate conserved as that of ATP is -40% is untenable (see [ 29, 301) .
It has often been suggested that high rates of ketogenesis provide more ATP than is conventionally thought to be required by hepatocytes, and that there is therefore some uncoupling or that an ATP-consuming 'futile cycle' may be operating [31, 32] . Indeed, it is well known that high concentrations of long-chain fatty acids uncouple isolated mitochondria [33] . Fatty acids increase 0, uptake and ketogenesis in perfused livers but the stimulation by octanoate and oleate can be blocked by oligomycin, an inhibitor of ATP-synthase, suggesting that the mitochondria were not uncoupled in these experiments [34] . In addition, work by Brand et al. [28] indicates that the ATP/O ratio in resting rat liver hepatocyte suspensions in the absence of added substrates is only 1.5, and that in these preparations there is a significant leak of protons back into the matrix which is not mediated by uncouplers.
In brown adipose tissue in some small and new-born animals, the inner membrane of mitochondria contains an uncoupling protein (Mr = 32 000) which allows free circulation of protons when the concentrations of free fatty acids increase. These mitochondria respond in cold environments to adrenergic stimulation with uncontrolled fatty acid oxidation and heat production [ 3 3,3 51.
Can mitochondrial @-oxidation in hepatocytes at 37°C be compared with the theoretical maximum possible rate? T o try to answer this question, we made a number of assumptions: (1) isolated mitochondria and hepatocytes are representative of the whole liver; (2) the maximum rate of @-oxidation is given by uncoupled isolated mitochondria oxidizing palmitoyl-carnitine in the presence of malonate (to block the citrate cycle) and that the 0, uptake (85 ng atom O*min-'*mg of protein-') is entirely the result of @-oxidation (see [36] ); (3) the production of acid-soluble 14C-labelled products measures @-oxidation in hepatocytes and perfused livers and that I4CO, production accounts for < 5% of palmitate oxidation and can be neglected [14] ; (4) the 0, consumption per molecule of palmitate oxidized to ketone bodies can be calculated from the 3-hydroxybutyrate:acetoacetate ratio; ( 5 ) the rates in mitochondria and hepatocytes are related to the activities of citrate synthase and glutamate dehydrogenase as mitochondrial marker enzymes and that these are related (on average) by a constant ratio to @-oxidation; and (7) perfused livers contain 30% of protein. Our calculations suggest that the rates of @-oxidation in hepatocytes and perfused livers from normal rats are -5040% of the maximum possible rate of their component mitochondria. This supports conclusions that the addition of long-chain fatty acids does not uncouple hepatocyte mitochondria [28] . It is difficult to assess reports that anabolic reactions in hepatocytes do not account for all of the extra 0, uptakes recorded [31, 32] , particularly in view of modern ideas about the lack of exact stoichiometries of ATP synthesis.
Control of whole body fatty acid oxidation
An average 70 kg human stores -10 kg of fat but only 600 g of carbohydrate. After two days fasting, hepatic glycogen is exhausted and plasma concentrations of long-chain fatty acids and the rates of hepatic ketogenesis and gluconeogenesis increase. Fatty acids and ketone bodies are now the main fuels for most tissues. By contrast, the adult human brain is believed to have only a trivial capacity for @-oxidation [7] and one might ask why this is so.
Would surface active long-chain acyl-CoA esters interfere with membrane function and synaptic transmission, even though some are necessary for the synthesis of structural lipids? Would any /3-oxidation of their component fatty acids be undesirable? Curiously, brain mitochondria contain most of the enzymes of @-oxidation although they lack significant 3-oxoacyl-CoA thiolase activity [ 371. The brain in fed humans is a major user of glucose (about 120 g per day) and also oxidizes ketone bodies. Glucose is made by hepatic gluconeogenesis, with a smaller contribution by renal gluconeogenesis, from some amino acids derived from tissue proteins and also from glycerol and recycled lactate, largely driven by fatty acid oxidation. During fasting, this causes severe loss of lean body mass, although glucose utilization by the brain decreases five-fold over 40 days as ketone body utilization increases [7] . Would it be a survival advantage if the brain did not have an absolute requirement for some glucose? Further, many plants, unlike animals, convert fat stores into carbohydrate. This involves the microbodies (which are similar to the peroxisomes) where acetyl-CoA made by @-oxidation is converted to succinate by the glyoxylate cycle and carbohydrate (sucrose) is then made from succinate by gluconeogenesis [38] . It is not known why animals cannot make glucose in this way from fatty acids.
Role of hepatic ketogenesis
Hepatic ketogenesis increases during fasting. Some ketone bodies are also made from acetyl-CoA derived from the catabolism of some amino acids and pyruvate oxidation, representing perhaps 10-18% of the amount made from fatty acids [14] .
The oxidation of one molecule of palmitate to eight acetyl-CoA molecules consumes 14 atoms of oxygen, whereas its complete oxidation to CO, and H,O involving the citrate cycle requires 46 atoms. Oxaloacetate is used preferentially as a precursor for gluconeogenesis so that less is available to react with acetyl-CoA to form citrate. Up to approx. fourfold as much palmitate must therefore undergo poxidation to yield the same amount of A T P (but see above) when the oxidation of acetyl-CoA is limited compared with its complete oxidation. This may explain the high rates of ketogenesis required to supply ATP needed for gluconeogenesis. Further, this generates only four equivalents of acid compared with eight if all the acetyl-CoA were hydrolysed to acetic acid and CoASH. The reduction of acetoacetate to 3-hydroxybutyrate increases the NAD+/NADH ratio when fatty acids are the main substrates for oxidation [ZS] . CoASH must be recycled to sustain B-oxidation [36] and this is released from acetyl-CoA by the formation of four molecules of ketone bodies.
It is likely that the capacity of muscle for Boxidation is large enough to sustain normal aerobic work when muscle glycogen is exhausted. T h e question may be asked do ketone bodies have any advantage over free fatty acids as fuels for skeletal and cardiac muscle? Both provide acetyl-CoA for the citrate cycle. Perhaps the ability of muscle to oxidize ketone bodies limits their accumulation and the consequent ketoacidosis when they are made by the liver in excess of the requirements of the brain (except in severe diabetes). Indeed, in fasting adult humans, brain and muscle may each use -40-45% of the ketone bodies formed at approximately equal rates [40, 41] . B-Oxidation of fatty acids and ketogenesis therefore may provide both sufficient ATP for liver metabolism and an important fuel for the brain when the activity of the hepatic citrate cycle is limited.
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Introduction
The pathway of p-oxidation consists of four reactions repeated many times over, such that poxidation of one molecule of hexadecanoyl-CoA should generate 27 acyl-CoA intermediates during its conversion into eight molecules of acetyl-CoA. The homologous nature of these intermediates formed by consecutive cycles of chain shortening would seem destined to result in competition and build-up of intermediates at each of the four steps unless a significant degree of organization was present. Thus, the lack of easily detectable intermediates [ 1, 2] in this pathway was the first evidence for organization of mitochondrial P-oxidation. It had however become apparent that the enzymes of p-oxidation consisted of 'specificity' groups, i.e. isoenzyme forms catalysing the same reaction but differing in their specificity for carbon chain length of the various acyl-CoA substrates. Exemplifying this was the mitochondrial family of matrix-located acylCoA dehydrogenases [ 31, which showed maximum activity with long-, medium-and short-chain acylCoAs. Although such families of P-oxidation enzymes might decrease the possible pool size of intermediates, they did not appear to be able to achieve the very low levels that appear to prevail in mitochondria. Because of the considerable overlap of specificities found in each of these enzyme families, it appeared that competition between homologous intermediates could still occur at each of the four constituent reactions.
It was therefore significant that a multifunctional complex was isolated from Escherichia coli containing three consecutive activities of /3- [6] and IS0 [7] activities on a single polypeptide, and similar multifunctional enzymes have been described as components of non-mitochondrial P-oxidation in microbodies from cucumber seeds [8, 9] , Cundida tropicalis [lo] and Neurosporu crussu [ 111. These findings were interpreted as indicating that multifunctional enzyme complexes were common in p-oxidation and may give functional advantages to the host organism, but were characteristic only of non-mitochondria1 pathways.
Abbreviations used: CS, citrate synthase; ECH, 2-enoylCoA hydratase; EPI, 3-hydroxyacyl-CoA epimerase; HAL), 3-hydroxyacyl-CoA dehydrogenase; ISO, 3-enoylCoA isomerase; KAT, 3-oxoacyl-CoA thiolase; MD. malate dehydrogenase; TFE, trifunctional enzyme.
Purification of mitochondrial trifunctional enzyme
The identification of a mitochondrial P-oxidation defect affecting the activity of a long-chain-specific
